Background: Long-acting opioids are a leading cause of accidental death in the United States, and methadone is associated with greater mortality rates. Whether this increase is related to the proarrhythmic properties of methadone is unclear.
M
ethadone is a long-acting synthetic opioid agonist prescribed in the United States for chronic pain and opioid dependency, and its use has increased by more than 500% in the past decade compared with the previous decade (1, 2) . Methadone has been implicated in 30% to 40% of opioid-related deaths despite representing a minority of opioid prescriptions, and the mortality rate associated with it is substantially greater per morphine milligram equivalent than all other prescription opioids (1) (2) (3) (4) (5) . Because drugs are now the second-leading cause of accidental death in U.S. adults and 40% are attributable to opioids (2), the U.S. Food and Drug Administration (FDA) convened a joint meeting of the Anesthetic and Life Support Drugs Advisory Committee and the Drug Safety and Risk Management Advisory Committee in 2010 to discuss a risk evaluation and mitigation strategy (REMS) (1) . Although opioid-related death is generally attributed to respiratory depression from overdose, methadone has been associated with QTc interval prolongation and torsade de pointes. Because of the disproportionate mortality rate of methadone compared with other opioids and the long elimination half-life (8 to 130 hours) and QTc-prolonging properties of methadone, a separate REMS for methadone was considered. However, the FDA ultimately adopted a single REMS for all long-acting opioids that did not outline strategies to reduce arrhythmia risk (1, 6 ).
An association between methadone and torsade de pointes was first described in 2002 (7) and subsequently found to be mediated by a blockade of the human Ether-à-go-go ion channel responsible for the delayed rectifier potassium current (8) . A boxed warning was added to FDA labeling for methadone in 2006 about arrhythmia risk (9), followed by a clinical practice guideline in 2009 recommending QTc interval screening (10) . Universal adoption of a cardiac safety program was recently recommended for all U.S. opioid treatment programs by the Substance Abuse and Mental Health Services Administration, but the need for QTc interval screening remained controversial (11) . Debate about which strategies should be used to mitigate the increasing mortality rates associated with prescription opioids continues (12) (13) (14) , and some have argued that QTc interval screening for methadone is unnecessary (15, 16) . This lack of consensus is reflected in the limited use of opioid risk-reduction strategies, even among high-risk patients in primary care (17) .
Given uncertainty about the clinical relevance of QTc prolongation and the frequency of arrhythmia events, we evaluated the FDA Adverse Event Reporting System (FAERS) database for a signal of disproportionate reporting of QTc prolongation or torsade de pointes associated with methadone relative to other opioids and antiarrhythmic drugs. We also examined whether methadone-associated arrhythmia reports have increased after the initial publication of the association between methadone and torsade de pointes.
METHODS

Data Extraction
After we received an exemption from the Colorado Multiple Institutional Review Board, publicly available data from FAERS between November 1997 and June 2011 were obtained (18) . The FDA Adverse Event Reporting System is a relational database of spontaneous adverse event reports collected from patients, providers, and pharmaceutical companies through FDA-required postmarketing surveillance and the voluntary MedWatch submission system (19, 20) . Reports submitted to FAERS are identified by an individual safety report number. When multiple individual safety reports refer to the same adverse event, they are linked using a unique case identifier. To minimize redundant counting, we quantified unique cases rather than reports because rare or life-threatening adverse events are often reported by several sources (21) .
Drug names were matched to corresponding entries in the Drugs@FDA database using whole-word string matching (22) . Once a drug name was matched, all active ingredients listed for the drug were linked to the corresponding adverse event report. For example, the drug names "methadone HCl," "dolophine HCl," and "methadone dispersible (orange flavored)" were all mapped to "methadone hydrochloride." Comparative data sets were assembled for amiodarone hydrochloride, sotalol hydrochloride, and dofetilide, which are associated with torsade de pointes because of the same delayed rectifier potassium current blockade mechanism as methadone (23) . Propoxyphene, a synthetic opioid recently withdrawn from the market due to QTc prolongation and dysrhythmia (24) , was also analyzed. Morphine, oxycodone, and hydrocodone were assessed as opioid comparators not known to be associated with cardiac arrhythmia.
Adverse drug reactions are categorized in FAERS using the Medical Dictionary for Regulatory Activities, a standardized medical terminology developed by the International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use. The MedDRA also aggregates related adverse events into greater levels of abstraction that have been previously shown to improve identification of signals of disproportionate reporting in FAERS (25) . Terms of interest were QTc prolongation, torsade de pointes, ventricular arrhythmias, and cardiac arrest. Clinical indications for methadone were classified as "pain" or "opioid dependency" and role of methadone as "primary suspect," "secondary suspect," "interacting," or "concomitant," as reported to FAERS. Data integration was done using MySQL Server, version 5.5.18 (Oracle Corporation, Redwood Shores, California).
Statistical Analysis
Because QTc prolongation is the requisite substrate for developing torsade de pointes (26), QTc prolongation or torsade de pointes was combined for analysis. Similarly, ventricular arrhythmias or cardiac arrest was combined using the MedDRA hierarchy. Where data were unambiguously reported, summary statistics for age and dose were generated and frequencies for sex, indication, outcome, and drug role in the adverse event were calculated. Reporting frequency and monthly reporting rates were aggregated before and after the 2002 publication describing the association. Because analysis of raw counts from spontaneous reporting databases may be biased by many factors, we also calculated the proportional reporting ratio (PRR) to identify disproportionate reporting of specific adverse drug reactions. The PRR is calculated by dividing the fraction of reports involving the reaction of interest for a given drug by the fraction of reports involving the reaction of interest for all other drugs (27, 28) . Greater PRR values suggest that the adverse event of interest is reported disproportionately compared with all other reactions for that drug. The PRR, including the 95% CI, was calculated for ventricular arrhythmias or cardiac arrest and QTc prolongation or torsade de pointes for methadone, other opioids, and the antiarrhythmic agents. Counts for all comparator drugs were included in the denominator for each calculation to provide the most conservative PRR estimate. In accordance with previously derived and validated empirical criteria (28 -30) , a PRR was considered indicative of disproportionate reporting if it was 2 or greater, its chi-square value was 4 or greater, and at least 3 unequivocal reports were
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DISCUSSION
The number of methadone-associated arrhythmia reports has increased over the past decade after publication of a paper describing the association between high-dose methadone and torsade de pointes. Ventricular arrhythmia and cardiac arrest are currently the most frequent methadoneattributed adverse events reported to the FDA and have increased in parallel with the more specific reports of QTc prolongation and torsade de pointes. This increased reporting frequency may reflect heightened clinician awareness after the initial publication in 2002 of the association between methadone and arrhythmia, but we speculate that it may also reflect additional factors, such as increased prescribing, greater arrhythmia incidence, and clinicians attributing methadone-related deaths to a cardiac rather than a respiratory cause. Although the precise contribution of reporting factors cannot be determined from this analysis, we believe that these results suggest that arrhythmia represents an important but underappreciated contributor to methadone-related morbidity and mortality.
Methadone was also associated with a disproportionate signal of QTc prolongation or torsade de pointes reporting similar to that of drugs with established proarrhythmic properties, whereas the PRR for propoxyphene, which was recently withdrawn from the market due to QTc prolongation and dysrhythmia, was not. Although most opioids are not associated with QTc prolongation, a prospective, randomized trial demonstrated a 34-millisecond mean increase from baseline in QTc interval with methadone maintenance therapy (31). Recent simulation and modeling analysis of 5 clinical trials by FDA investigators determined that methadone may increase the mean QTc interval by as much as 20 milliseconds at doses exceeding 120 mg per day in patients who are opioid-dependent (32) . These effects of methadone on cardiac repolarization approximate the expected 10-to 40-millisecond increase in mean QTc interval with sotalol (33) .
In the present study, arrhythmia was more commonly reported among persons receiving methadone for opioid dependency. This may be attributable to the greater doses in this population, which magnifies the degree of QTc prolongation (10, 32) . In addition, patients who are opioid-dependent are frequently exposed to illicit substances, including alcohol and cocaine, which also increase the QTc interval (34, 35) . Finally, many patients who are opioid-dependent also have HIV, and we saw that reports of QTc prolongation or torsade de pointes with methadone most often occurred in association with antiretroviral therapy. This finding is corroborated by emerging evidence associating HIV with both QTc prolongation and sudden cardiac death (36 -38). In addition, nearly all reported cases of torsade de pointes in patients with HIV involve methadone, antiretroviral therapy, or both (39 -41) .
This study has many limitations. Methadoneassociated adverse events reported to FAERS are voluntary, and actual incidence cannot be inferred from these data. Furthermore, comparisons of adverse event rates using either traditional report counts or measures of disproportionate reporting, such as the PRR, can be artificially inflated or deflated by many factors, including reporting bias, Original Research Trends in Reporting of Methadone-Associated Cardiac Arrhythmia, 1997 Arrhythmia, -2011 absolute report number, and the presence of other adverse events associated with the same drug. Although disproportionate reporting measures are generally less biased than comparisons of report counts (42) , measures based on reporting ratios, such as the PRR, can be particularly vulnerable to confounding factors and are, therefore, less reliable when the number of reports is low (Ͻ3 reports) (43). At the minimum volume of reports in the present analysis (87 for propoxyphene), the PRR performs similarly to other pharmacovigilance algorithms (29) . However, because increases in adverse event reporting do not necessarily indicate increases in incidence, signals identified by any pharmacovigilance algorithm are suggestive of association only, and causality cannot be established without systematic review of clinical cases.
The FAERS database has many limitations. First, it relies on spontaneous clinician reports without independent adjudication. In particular, QTc prolongation could have been inaccurately assessed (44) , and retrieval of primary clinical data from the FAERS for validation was not possible. In addition, several adverse events may be reported in each case, leading to potential overlap. Drug names may be brand or generic and contain formatting errors that limit the identification of all cases. To address this, whole-word string matching between FAERS names and all brand and generic designations in the Drugs@FDA database was used (21) , and cases were aggregated by active ingredient. However, we made no attempt to address misspellings, and partial words were excluded to maximize specificity. This conservative approach to data extraction may have resulted in an underestimated reporting rate for adverse events associated with methadone and comparator medications.
In general, clinicians underreport medication-related adverse events to the FDA (45), which is perhaps the most important limitation of pharmacovigilance studies using spontaneous report databases. In addition, the high mortality rate among methadone-associated adverse events leads to inherent diagnostic uncertainty. Since cause cannot be accurately categorized after death, observational studies may characterize only a fraction of methadoneassociated sudden cardiac deaths. In support of this, 1 postmortem study suggested that 40% of methadone-related deaths could be arrhythmic in origin given therapeutic methadone levels and the absence of structural heart disease (46). Finally, although provider awareness is improving as evidenced herein by increased reporting since 2002, persistent knowledge gaps about the proarrhythmic properties of methadone (47) probably further contributes to underreporting.
In summary, ventricular arrhythmia and cardiac arrest are now the most frequent FDA-reported class of methadone-associated adverse events, and reports of QTc prolongation and torsade de pointes have increased sharply in the past decade. Because methadone is now considered an essential medication by the World Health Organization (48), use is likely to increase, creating broader exposure to the proarrhythmic properties. Because cardiac arrhythmia is not associated with other opioids currently marketed in the United States, we propose that a REMS specific to methadone and designed to reduce arrhythmia may be appropriate, acknowledging the 9 July 2012 FDA announcement that it would not require universal physician training on long-acting opioid safety (6) that overrode advice from the 2010 Drug Safety and Risk Management Advisory Committee (1). Therefore, for the time being, the potential to improve the cardiac safety of methadone among current prescribing physicians remains limited. 
